We present new radial velocities for 87 globular clusters around the elliptical galaxy NGC 4472, and combine these with our previously published data to create a data set of velocities for 144 globular clusters around NGC 4472. We utilize this data set to analyze the kinematics of the NGC 4472 globular cluster system. The new 1 Visiting Astronomers, Canada-France-Hawaii Telescope, which is operated by the National Research Council of Canada, the Centre National de la Recherche Scientifique, and the University of Hawaii.
data confirms our previous discovery that the metal-poor clusters have significantly higher velocity dispersion than the metal-rich clusters in NGC 4472. We also find very little or no rotation in the more spatially concentrated metal-rich population, with a resulting upper limit for this population of (v/σ) proj < 0.34 at a 99% confidence level. The very small angular momentum in the metal-rich population requires efficient angular momentum transport during the formation of this population which is spatially concentrated and chemically enriched. Such angular momentum transfer can be provided by galaxy mergers, but has not been achieved in other extant models of elliptical galaxy formation that include dark matter halos. We also calculate the velocity dispersion as a function of radius, and show that it is consistent with roughly isotropic orbits for the clusters and the mass distribution of NGC 4472 inferred from X-ray observations of the hot gas around the galaxy.
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Introduction
Although early-type galaxies make up much of the stellar mass in the local universe (e.g. Fukugita, Peebles, & Hogan 1998 , Coppi & Zepf 2000 , there is no consensus on when or how they formed. The possibilities range from monolithic collapse at high redshift to formation via galaxy mergers over a range of redshifts. Many of the integrated properties of elliptical galaxies can be accounted for by both scenarios, making it difficult to determine the formation histories of these galaxies. For example, one of the salient observational features of the population of early-type galaxies is that their color-magnitude and Mg 2 − σ relations have small scatter. However, both early collapse models (e.g. Kodama & Arimoto 1997) and hierarchical merging models (e.g. Kauffmann & Charlot 1998) have been shown to be consistent with the observed correlations. Both mergers and collapse models can also be made consistent with current observations of galaxies at high redshift. The small number of very red galaxies in deep K-selected samples indicates that most ellipticals formed some of their stars at z < ∼ 3 (Treu & Stiavelli 1999 , Barger et al. 1999 , Zepf 1997 , with a few exceptions (e.g. Treu et al. 1998 , Benitez et al. 1999 ). However, this only requires that some of the formation activity of ellipticals take place at lower redshifts, and does not explicitly favor one model or another.
A critical observation that must be addressed by any successful model of galaxy formation is the weak or absent stellar rotation in giant ellipticals. In contrast to the dynamical insignificance of rotation in elliptical galaxies, the dynamics of spiral galaxies are dominated by rotation, resulting in about an order of magnitude more total angular momentum for spirals compared to the visible components of ellipticals (e.g. Silk & Wyse 1993) . The large difference in angular momentum between elliptical and spiral galaxies has long been recognized as one of the most fundamental problems in galaxy formation. Moreover, this difference between the angular momenta of spiral and elliptical galaxies is not expected to be true of their dark matter halos. All extant theoretical models predict that the spin-up of galactic halos through tidal torques will be similar for all galaxies, so the range of halo angular momenta is smaller than the observed difference between elliptical and spiral galaxies (e.g. Heavens & Peacock 1988 , Barnes & Efstathiou 1987 , Warren et al. 1992 , Eisenstein & Loeb 1995 . In terms of the commonly used dimensionless spin parameter λ = LE 1/2 /GM 5/2 , where L is the angular momentum E is the energy, and M is the mass, all halos have λ ≃ 0.06. These calculations also find that the angular momentum of a halo is mostly independent of its mass or environment, so any differences between the angular momentum of elliptical and spiral galaxies can not be accounted for solely by their different masses or environments.
The rotation and density of spiral galaxies can be straightforwardly understood as the result of the collapse and spin-up of baryonic material inside a dark matter halo (e.g. Fall & Efstathiou 1980) . More specifically, for a protogalaxy with λ ∼ 0.06, a collapse factor of roughly ten produces both the observed rotation and the density of spiral disks. However, there is no such simple explanation for the low angular momentum in the visible parts of elliptical galaxies. As described above, calculations of the tidal torques on galaxy halos show that all halos have fairly similar specific angular momentum. Moreover, the similar stellar densities of ellipticals and spirals suggest that the gas in each galaxy type collapsed by roughly the same degree during the galaxy formation process. The comparable dark matter contributions within the visible regions of each galaxy type, as well as the extended nature of dark matter halos around both spirals and ellipticals, also imply that the gas collapse factors in both morphological types must have been similar. Since the collapse factors seem to be similar, and the initial values of λ are expected to be similar, the dramatic difference in the rotation in the visible regions of ellipticals and spirals is a critical constraint on the galaxy formation process. Specifically, spirals and ellipticals must have had different formation processes, with efficient angular momentum transport occurring during the formation of elliptical galaxies.
It has long been realized that galaxy mergers might provide a mechanism for transporting angular momentum out of the visible regions of elliptical galaxies (e.g. Fall 1979 , Toomre 1977 , Barnes & Hernquist 1992 . The hypothesis that elliptical galaxies form from major mergers while spiral galaxies have avoided a major merger in the recent past is therefore an attractive one. However, as described above, it is difficult to demonstrate from observational data that elliptical galaxies today formed from mergers in the past. Some of the strongest evidence that elliptical galaxies form episodically comes from the study of the colors of globular clusters around nearby ellipticals. These studies show that elliptical galaxies often have globular cluster systems with bimodal metallicity distributions and references therein, see also Kundu 1999 and . The distinct globular cluster populations observed in many ellipticals suggest episodic formation and are inconsistent with simple monolithic collapse models. In contrast, bimodal globular cluster systems were predicted by Ashman & Zepf (1992) for elliptical galaxies that formed from mergers of gas-rich spirals. Specifically, Ashman & Zepf (1992) predicted that elliptical galaxies would have a population of metal-poor globulars from the halos of the progenitor spirals, and a population of metal-rich clusters formed in the merger that made the elliptical. Subsequent observations have produced a large body of observational evidence indicating that globular clusters can form in gas-rich mergers (see reviews by Schweizer 1998 , and references therein). Thus both fundamental predictions of the merger model have been supported by subsequent observations -globular clusters are observed to form in mergers and the proposed product of these mergers, elliptical galaxies, show evidence for multiple populations of globular clusters.
The discovery of young globular clusters in mergers and of bimodality in the globular cluster systems of ellipticals were successfully predicted by the merger models. However, for many elliptical galaxies the specific number and inferred metallicity of the blue, metal-poor globular clusters is not in detailed agreement with the predictions of the simple merger model. In the simplest merger picture, these metal-poor clusters come from the halo populations of the progenitor spirals, and therefore the metal-poor population in ellipticals should have the same metallicity and specific frequency (number per stellar luminosity, or preferably, number per stellar mass). However, some elliptical galaxies such as M87 appear to have more metal-poor clusters than can be accounted for by combining the halo populations of spirals like the Galaxy and M31 (e.g. Forbes, Brodie, & Grillmair 1997 , Lee, Kim, & Geisler 1998 while other ellipticals such as NGC 3923 (Zepf, Ashman, & Geisler 1995) and IC 4051 (Woodworth & Harris 2000) may either not have a substantial metal-poor globular cluster population or have one which is more metal-rich than the halo populations of the Galaxy and M31. Zepf et al. (1995) and have noted that, in the context of the merger models, these observations suggest variations in the properties of the globular cluster systems of the progenitor spirals, as well as the possibility of significant accretion of low-metallicity globular clusters and associated dwarf galaxies.
Following the discovery of the bimodality in the globular cluster systems of elliptical galaxies, models were constructed to try to account for bimodality without major mergers. One example is the proposal that elliptical galaxies simply form in two phases, an initial spatially extended phase of metal-poor globular globular cluster formation followed by the later formation of metal-rich clusters after dissipation and enrichment, with some internal mechanism that turns off globular cluster formation between the two globular cluster formation phases (Forbes et al. 1997 , Harris, Harris, & McLaughlin 1998 . Alternatively, it has also been proposed that the central component of elliptical galaxies undergoes standard dissipative collapse, and the metal-poor globular cluster population is accreted later (Cote, Marzke, & West 1999) .
The key physical element of all models is that angular momentum conservation requires the dissipative collapse that leads to the formation of the metal-rich globular clusters to also result in significant rotation in the metal-rich globular cluster population. The only way to avoid this conclusion is to have a mechanism to efficiently transport angular momentum outwards. Merger models have been shown to provide such a mechanism, while smooth dissipative collapse models do not naturally transport angular momentum efficiently. Therefore, the kinematics of the globular cluster systems provides a way to test if the physics of the formation of elliptical galaxies and their globular cluster systems is consistent with smooth dissipative collapse or if angular momentum is required to be transported outwards. Moreover, if angular momentum transport is indicated by observations in the inner regions of an elliptical, it might be possible to observe the angular momentum transferred outwards in the kinematics at very large radii, as possibly found for the M87 globular cluster system by Kissler-Patig & Gebhardt (1998) based on the data of Cohen & Ryzhov (1997) .
Measurements of the radial velocities of globular clusters also provide information about the mass distribution of the galaxy and the orbits of the clusters. Globular clusters are particularly useful for studying the dynamics of the outer halos of elliptical galaxies because they can be observed out to much larger radii than it is possible to obtain spectroscopy of the integrated light. A very large number of velocities are required to independently determine the mass distribution and the orbits of the tracer particles in a completely non-parametric way (e.g. Merritt & Tremblay 1994) . However, if the mass distribution inferred from X-ray observations and the assumption of hydrostatic equilibrium in the hot gas is adopted, the orbits of the globular clusters can be constrained. Conversely, if assumptions are made about the cluster orbits (e.g. that they are isotropic), then the mass distribution can be estimated. In practice, a sensible approach is to check for consistency of the mass distribution determined via the X-ray observations of the hot gas with dynamical measurements given simplifying assumptions about the orbits, as each technique has its own systematic concerns which are mitigated if the independent approaches agree.
In this paper, we present the results of a spectroscopic survey of globular clusters around the Virgo elliptical NGC 4472. We focus on the analysis of the kinematics of the globular cluster system and its implications. A discussion of the ages and metallicities of the NGC 4472 globular clusters is given in Beasley et al. (2000) . The observations and data reduction are described in §2. The results of our analysis of these data are presented in §3. In §3.1 we compare the velocity dispersions of the different globular cluster populations, in §3.2 we analyze the rotation of the cluster populations, in §3.3 we study the radial trends in the velocity dispersion and rotation, and in §3.4 we examine the mass distribution of NGC 4472 inferred from our data. The implications of these results are discussed in §4, and our conclusions given in §5.
Observations and Data Reduction
We obtained spectra of globular cluster candidates around NGC 4472 using the Multi-Object Spectrograph (hereafter MOS, Crampton et al. 1992 , LeFevre et al. 1994 ) on the Canada-FranceHawaii Telescope over parts of three nights in May 1998. MOS is an effective instrument for this study because its relatively large field of view allows for efficient multiplexing of the NGC 4472 globular cluster system, which extends out to many arcminutes from the center of the galaxy (cf. Rhode & Zepf 2000) . The candidate globular clusters were selected from the photometric study of the NGC 4472 globular cluster system by Geisler et al. (1996) . We obtained spectra through four slitmasks, each of which contained slitlets for approximately 45 globular cluster candidates. We preferentially targeted cluster candidates with magnitudes between 19.5 < V < 21.5, but included fainter clusters when useful for maximizing the number of targets in each mask. About 2/3 of the slitlets yielded useful spectra, with the remainder having either low signal-to-noise or problematic sky subtraction.
The spectra were obtained with a 600 l/mm grism, giving a resolution of 2.2Å per pixel, and a spectral range of 3800 − 6500Å . The data were processed with flat fields taken at the beginning and end of the night, and wavelength calibrated using frequent Hg arcs. After extraction of the object spectra and sky subtraction, the radial velocities of the candidate globular clusters were determined by cross-correlation (e.g. Tonry & Davis 1979) with six template stars of known velocity and spectral types ranging from F8V to K0III. The 'r' value of the cross-correlation was required to be greater than 2.5 for a velocity measurement to be included in our final sample. The final velocity for each object was determined by a weighted average of the velocities returned by the cross-correlation with each of the six template stars, where the weighting was given by the cross-correlation peak height of each template. The data reduction procedures are described more completely in Beasley et al. (2000) .
The formal errors returned by the cross-correlation task for each globular cluster are given in Table 1 below. These are typically 50-100 km s −1 . A check on these errors can be made by comparing the velocities for the 13 clusters for which we have velocities from both this analysis and our earlier work (Sharples et al. 1998, hereafter S98) . The result is a mean difference of −17 km s −1 with an uncertainty in any individual measurement of 78 km s −1 . Much of the dispersion is driven by a large offset for one cluster, so the typical uncertainty may be smaller. Regardless, these uncertainties are much smaller than the velocity dispersion of NGC 4472, so the measurement errors in the velocities of individual clusters do not have a significant effect on the results.
Results
In Table 1 , we list the positions, magnitudes, colors, and radial velocities for the 144 clusters around NGC 4472 for which we have spectra. This table includes 100 new globular cluster velocities obtained in the observations described above, and 57 previously published by us (S98), which also included some from earlier work by Mould et al. (1990) . For the 13 clusters with data from both datasets, the tabulated velocity is from the observation with the strongest cross-correlation. These data form the basis for the analysis presented in the remainder of this paper. For completeness, we also list in Table 2 the 20 objects for which we obtained spectra and found them to be foreground stars or background galaxies. Our 83% success rate in spectroscopically confirming our targets as globular clusters is higher than earlier work. This high success rate is likely due to selection of targets from high quality photometry, and bodes well for future spectroscopic programs.
In addition to analyzing the populations as a whole, we also investigate the kinematic properties of the metal-rich and metal-poor populations of globular clusters in NGC 4472. These populations were first identified through the discovery of bimodality in the color distribution of the NGC 4472 globular cluster system (Zepf & Ashman 1993 and many subsequent papers). That these color differences are primarily due to metallicity is now confirmed by spectroscopy (Beasley et al. 2000) . Further evidence for metallicity driving the color distribution is provided by analysis of the luminosity functions of the red and blue globular clusters (e.g. Puzia et al. 1999 , Lee & Kim 2000 . In order to divide our sample into populations of metal-rich and metal-poor clusters, we apply the KMM mixture-modeling algorithim to the full dataset of Geisler et al. (1996) . This objective analysis divides the sample at a color of (C − T 1 ) = 1.625. Clusters bluer than this are more likely to belong to the metal-poor population while those redder than this value are more likely to belong to the metal-rich population. This is the same analysis and color cut used in S98. This assignment represents the best statistical estimate of whether a globular cluster belongs to the metal-rich or metal-poor population. However not every cluster will necessarily be assigned to the population to which it truly belongs because of possible overlap in the color distributions of the different cluster populations as well as photometric errors. This will tend to make it more difficult to detect physical differences between the metal-rich and metal-poor cluster populations, particularly for clusters near the boundary.
The full dataset is plotted in Figure 1 . This figure shows the distribution on the sky of the globular clusters for which we have velocities, and also includes a rough indication of the velocities of these objects, as well as their identification as a member of the metal-rich or metal-poor cluster population. The bulk of this paper is aimed at a quantitative analysis of the velocities and positions of the clusters presented in Table 1 and Figure 1. 
Velocity Dispersions
One of the goals of this study was to compare the kinematics of the metal-rich and metal-poor globular cluster populations of NGC 4472. In our earlier work with radial velocities for 57 globulars we found tentative evidence (86% confidence level) for a higher velocity dispersion in the metal-poor population compared to the metal-rich population (S98). A difference in velocity dispersions between the metal-rich and metal-poor globular cluster populations is critical evidence that these populations have real physical differences, since the division between the metal-rich and metal-poor cluster populations was made by an objective analysis of the colors alone. Figure 2 shows the comparison of the velocity distribution of the red, metal-rich clusters, and the blue, metal-poor clusters around NGC 4472. This plot demonstrates that the new, larger dataset strongly confirms our original discovery that the metal-poor cluster population has a significantly higher velocity dispersion than the metal-rich cluster population. Specifically, a F-test indicates that the two populations have a different dispersion at > 99.9% confidence level. The values of the velocity dispersion in each population are σ = 221 ± 22 km s −1 for the metal-rich clusters, and σ = 356 ± 25 km s −1 for the metal-poor clusters where the uncertainties have been determined from bootstrapping. These are uncorrected for any rotation, but as we show below, the rotation is small and does not affect the dispersions significantly. Moreover, regardless of its origin, the difference in velocity dispersions provides dynamical evidence for the original distinction between the metal-rich and metal-poor cluster populations in NGC 4472.
It is also interesting to note that the difference in dispersions between the metal-rich and metal-poor globular cluster populations in NGC 4472 does not necessarily imply that the populations have different orbital properties. This is because there is observational evidence that the metal-rich cluster system in NGC 4472 is more spatially concentrated than the metal-poor cluster system (e.g. Lee et al. 1998) . This difference between the density profiles of the metal-poor and metal-rich globular cluster populations makes it possible for these populations to have similar orbital anisotropy but different velocity dispersions, and still follow the same gravitational potential. In detail, the velocity dispersion difference we observe is modestly larger (∼ 2σ) than that expected from the difference in the spatial distributions for the metal-poor and metal-rich clusters found by Lee et al. (1998) .
Rotation
A second major goal of our spectroscopic study of the NGC 4472 globular cluster system was to determine the rotation of the system as a whole, as well as that of the metal-rich and metal-poor populations. As discussed in the introduction, determining the rotation of the cluster populations in NGC 4472 is invaluable for addressing questions about the formation history of the galaxy and the relationship of the different cluster populations to one another.
A straightforward way to estimate the rotation in the globular cluster system of NGC 4472 is to do a non-linear least-squares fit to the equation
This determines the best fitting flat-rotation curve with the position angle of the line of nodes (θ 0 ) and the rotation velocity (V rot ) free parameters. The results from this analysis are given in Table  3 . We find little or no rotation in the metal-rich population and modest evidence for rotation in the full sample and in the metal-poor population. The line of nodes of the best fitting rotation solution appears to be similar to the position angle of the major axis of the galaxy (P A ≃ 172 • ). The significance of the rotation detections can be tested by performing Monte Carlo simulations of the data. These simulations retain the position angles of the objects but randomize the velocities (cf. S98). Roughly half of such simulations give a rotation signature about some axis equal to that observed in the metal-poor and total cluster samples. However, the rotation in these simulations is not preferentially aligned with the major axis of the galaxy, as the real data is. We can account for this by considering random samples with the position angle of the line of nodes fixed to be that observed for the isophotes the galaxy. In this case, only 16% of the random simulations give a rotation signature as large as observed for the total and metal-poor cluster samples. The metal-rich sample still does not show evidence for rotation even when the position angle is fixed.
In addition to the best fitting rotation solution, we determine an upper limit on the rotation by creating Monte Carlo samples of clusters with the same number of objects and the same velocity dispersion as the given populations, but with a given rotation velocity. We define the 99% confidence upper limit as the rotation velocity for which only 1/100 of such random samples gives a rotation signature as small as that observed. This procedure produces strict upper limits on the rotation in the globular cluster system of NGC 4472, especially the metal-rich population. Specifically, the 99% upper limit on rotation for the full cluster sample is 120 km s −1 , for the metal-poor cluster population the 99% upper limit on rotation is 200 km s −1 , and for the metal-rich population the rotation is less than 75 km s −1 at 99% confidence.
These limits on rotation can be used to set upper limits on the ratio of (v/σ) proj , which is a common diagnostic of the importance of rotation. For the metal-rich population, the combination of the 99% upper limit of 75 km s −1 on the rotation with the velocity dispersion of 221 km s −1 found earlier gives an upper limit of (v/σ) proj < 0.34 at 99% confidence. This is remarkably low compared to the expectation of simple collapse models. It is also dramatically lower than the metal-rich thick disk/bulge clusters of the Milky Way, which have v/σ > 1. Although the value for NGC 4472 is a projected one, it is very unlikely that rotation is dynamically significant. One way to see this is to compare the observed (v/σ) proj of the metal-rich cluster system in NGC 4472 to that expected for an oblate rotator (e.g. Binney & Tremaine 1987) . For the observed ellipticity of about 0.2 for the metal-rich population (Lee et al. 1998 , Rhode & Zepf 2000 , an oblate rotator would have a (v/σ) proj of about 0.4, mostly independent of projection. This prediction for an oblate rotator is larger than the 99% upper limit, strongly suggesting that the metal-rich globular cluster system of NGC 4472 is not supported by rotation. A similar approach is to note that the inclination would have to be i < 12 • for (v/σ) proj = 0.34 to be consistent with v/σ ≥ 1. Moreover, such an inclination would require an intrinsic flattening of greater than E9 for the metal-rich system to match the observed E2 in projection.
The very small rotation in the metal-rich globular cluster system of NGC 4472 is problematic for models in which central spheroidal systems all form similarly, with the only difference being the mass of the central bulge/elliptical component. Instead, it requires efficient angular momentum transport for the metal-rich globular cluster population of NGC 4472 that did not occur during the formation of the metal-rich globular cluster population of the Milky Way. Such a difference is natural in models in which elliptical galaxies like NGC 4472 formed in major mergers, and spiral galaxies formed in such a way as to avoid disruptive events that lead to effective, large scale transport of angular momentum. This is discussed in more detail in the final section of the paper.
Radial Variations of Rotation and Velocity Dispersion
In addition to the total velocity dispersions and rotation velocities derived in the two previous sections, radial trends in these quantities are also interesting. For example, if the velocity dispersion can be traced out to large radii, constraints can be placed on the mass distribution of the halo, although some simplifying assumptions about the orbital anisotropy of the globular cluster population are required for modest sample sizes. Conversely, a mass distribution can be adopted based on other data such as X-ray observations, and then the observed dispersions can be used to constrain the orbital anisotropy at different radii. Similarly, changes in the rotation velocity as a function of radius can be used to trace the distribution of angular momentum within a galaxy.
In order to determine the rotational velocity and velocity dispersion as a function of radius, it is necessary to average in some way the discrete radial velocities of individual clusters. Binning is not ideal because of its well-known sensitivity to the choice of bin centers and sizes. The problem of estimating smooth functions from individual datapoints is a well-developed statistical field (e.g. Simonoff 1996 and references therein). The application of these techniques to the problem of estimating the velocities and dispersion of the globular cluster systems as a function of radius is straightforward because our goal is to determine the overall trends in these systems and sharp changes are not expected. In this case, a Gaussian smoothing kernel provides reliable results with the advantage of simplicity in application and interpretation.
A key question for any smoothing procedure is to determine the width of the smoothing kernel. A common approach, called cross-validation, is to determine the kernel size that minimizes the summed total of the variances determined at each point, when that point is excluded from the calculation. However, cross-validation gives little guidance when the sample in question is consistent with being a constant, because it is statistically preferable in this case to use all of the data to determine the value of the function in question at each radius. This is exactly the case for the velocities of the globular cluster system of NGC 4472, particularly the full sample and the metal-poor subsample. Therefore, while cross-validation clearly identifies the statistical consistency of the data with a flat rotation curve, it does not yield much help for determining the appropriate smoothing kernel for determining any dependence of the velocity dispersion on radius. Because our goal is to determine the overall trend of velocity dispersion with radius, we adopt a fairly broad smoothing, using a Gaussian kernel with σ = 100 ′′ . This kernel width is roughly equivalent to two or three independent radial "bins." Smaller smoothing kernels produce the same overall trends, with additional bumps and wiggles. A sign that these may be undersmoothed is that the velocity dispersion profiles from smaller kernels yield unphysical results when used in the Jeans equation (see Section 3.4). Figure 3 shows the results of our analysis of the radial variation of the rotation and velocity dispersion. Because the line of nodes of rotation is consistent with the position angle of the galaxy (Section 3.2), the data have been flipped about the minor axis to take full advantage of the available positions and velocities. The upper and lower lines are 1σ bootstrap limits. In order to build the bootstrap samples in a way that is consistent with the smoothing kernel used to determine the best fit, the probability of including an object in the bootstrap sample is proportional to the value of the kernel of that object at a given radius. Because of the smoothing required to get rotation and velocity dispersions from individual radial velocities, the individual points along the curves are of course not independent of one another.
Overall, the globular cluster population in NGC 4472 appears to have a slowly declining velocity dispersion with radius. This is seen in the full sample, and the individual metal-rich and metal-poor samples are consistent with the same trend. A sharper drop in the dispersion at our largest radial distances (r > ∼ 400 ′′ ) is also consistent with the data, as shown by the lower limit of the dispersion in Figure 3 and also by analyses using smaller smoothing kernels. Further data at large radii is required to test this possibility. The slightly declining velocity dispersion in NGC 4472 contrasts to the slightly rising dispersion found for M87 over the same radial range (e.g. Cohen 2000 and references therein). This difference may suggest that the rising dispersion in M87 is due to transition from the galaxy to the Virgo cluster itself, as M87 is located at the center of the Virgo cluster, while NGC 4472 is well away from the cluster center.
Figure 3 also shows the rotational velocity of the total sample and the metal-poor population is consistent with a constant value at all radii, while the metal-rich sample shows slight evidence for increasing rotation outwards. This can also be seen by performing a straight regression of velocity with major axis distance, which gives absolutely no trend for the total and metal-poor samples, and a 1σ result for increasing rotation with larger radii for the metal-rich sample. At all radii for which we have data the rotation is significantly smaller than the dispersion. This applies to the globular cluster sample as a whole, as well as to the metal-rich and metal-poor cluster populations.
M/L ratio and Orbital Isotropy
The velocity dispersion profile determined in the previous section can be used to derive the mass distribution of NGC 4472 through the application of the Jeans equation (e.g. Binney & Tremaine 1987) . The mass determined in this way depends on the anisotropy of the cluster orbits, as well as on the directly observed projected velocity dispersion and projected density profiles. The simplest approach is to adopt isotropy for the cluster orbits, and to see how this compares to other estimates for the mass of NGC 4472 within the same radial range. In detail, the three dimensional luminosity density and velocity dispersion profiles are determined from the observed projected quantities by numerically integrating the Abel equations. Spherical symmetry is assumed in this approach, which is not strictly true for NGC 4472, but it not likely to be too far wrong given that the observed ellipticity of the globular cluster systems is 0.1 − 0.2 (e.g. Lee et al. 1998) . Figure 4 shows the mass of NGC 4472 as a function of radius. The lines are masses inferred from application of the Jeans equation to the radial velocities of our globular cluster sample. The central solid line is the best fit to the 144 radial velocities discussed in this paper. The dotted lines are the 1σ lower and upper limits. These uncertainties in the mass are based on the bootstrapped uncertainties in the radial velocity dispersion profile given in the previous section. We do not include uncertainties in the density profile of the globular cluster system because they are much smaller than those for the velocity dispersion. Specifically, the surface density profile is taken from the fit of a de Vaucouleurs' law to the wide field CCD imaging study of Rhode & Zepf (2000) , which extends out to > ∼ 20 ′ , well beyond our last data point. Different techniques for deriving the density profile from these data or comparisons to previous work produce variations that are much smaller than the uncertainty in the velocity dispersion.
The radial profile of the mass distribution of NGC 4472 derived from the radial velocities of the globular clusters can be compared to the mass inferred from X-ray observations of the hot gas around the galaxy. The solid squares on Figure 4 are the masses inferred from ROSAT observations of the hot gas around NGC 4472 (Irwin & Sarazin 1996) . The open squares represent points for which the assumption of hydrostatic equilibrium on which the X-ray masses are based may be uncertain because the X-ray isophotes are irregular at these radii.
The overall agreement between the mass inferred from the globular cluster velocities given isotropic orbits and the mass inferred from the analysis of X-ray observations of the hot gas assuming hydrostatic equilibrium is good. This agreement suggests that both assumptions are probably roughly correct, and that the masses so derived are reasonably accurate. The conclusion that then follows is that the mass-to-light ratio of NGC 4472 is at least five times greater at radii of ∼ 30 kpc than it is at radii of several kpc, indicative of a substantial dark halo around this galaxy. This is some of the strongest dynamical evidence to date for massive halos around elliptical galaxies. At small radii, there is a hint that the mass inferred from the globular cluster dynamics may be slightly higher than that inferred from the hot gas. This could either be the result of statistical uncertainties in either observation, a slight radial anisotropy in the globular cluster orbits at smaller radii, or a slight underestimation of the temperatures in the hot gas at small radii. In any case the overall agreement between the two approaches is good, and more data will be required to extend this approach to larger radii and to test for any differences at smaller radii.
Implications
One of the primary goals of the study of the kinematics of the globular cluster systems of nearby ellipticals is to constrain the formation history of these galaxies. The bimodal color distributions of the globular cluster systems of many ellipticals already indicate an episodic formation history for these galaxies, roughly along the lines predicted by merger models. The kinematic data presented here confirm and extend the identification of two populations of globular clusters in NGC 4472 by showing that the population of globular clusters identified as metal-poor through their colors has a higher velocity dispersion than the population identified as metal-rich.
In addition to confirming the existence of a metal-rich and metal-poor globular cluster populations in NGC 4472, our data help constrain the physical nature of the episodic formation history of this galaxy. Perhaps the most critical observational result is that there is little or no rotation in the metal-rich globular cluster system. Despite the absence of rotation, the metal-rich system clearly underwent significant dissipation and collapse since it is more spatially concentrated than the metal-poor cluster population and much more so than the dark matter halo. Given conservation of angular momentum, the metal-rich population would be naturally expected to spin up as it collapses. In fact, significant rotation is observed observed in the metal-rich population of disk galaxies like the Milky Way and M31. Thus the minimal rotation in the metal-rich globular cluster population of NGC 4472 requires angular momentum transport during the formation of this elliptical galaxy, and distinguishes the metal-rich globular cluster population in this elliptical from metal-rich cluster populations in the Galaxy and M31. Merger models have long been put forward as a way to transport angular momentum outwards (e.g. Toomre & Toomre 1972, Barnes & Hernquist 1992 and references therein) . A generally consistent picture can be constructed in which elliptical galaxies like NGC 4472 form in major mergers which create the metal-rich globular cluster population and transfer angular momentum outwards, while disk galaxies like the Milky Way and M31 have only had more minor mergers, which may lead to modest amounts of globular cluster formation but which are not as efficient at angular momentum transfer.
An additional implication of our data is that NGC 4472 has a dark halo that extends out to the limit of our dataset, about 30 kpc. However, this limit is only set by the field of view of the spectrographs we have used. A wide-field CCD imaging study of the globular cluster system of NGC 4472 shows that it extends out to at least 80 kpc (Rhode & Zepf 2000) . Thus globular clusters offer a dynamical probe of the halo at very large radii which can be reached effectively with spectrographs with sufficient field of view. This is particularly valuable for NGC 4472, since its X-ray isophotes are irregular at radii greater than about 20 kpc, indicating the hot gas may not be in hydrostatic equilibrium. Without hydrostatic equilibrium, mass estimates from X-ray gas are problematic, leaving dynamical techniques the best hope for extending the understanding of the halo of NGC 4472 to very large radii.
Conclusions
In this paper, we present radial velocities for 144 globular clusters around NGC 4472. Based on this dataset, we analyze the kinematics of the globular cluster system as a function radius and metallicity. We find 1. The metal-poor globular clusters have a significantly higher velocity dispersion than the metal-rich clusters. This kinematic difference confirms the identification of these two cluster populations within NGC 4472, as they were originally selected based on their colors alone.
2. (v/σ) proj is much less than one over the radial range covered by our data (∼ 3 − 30 kpc). This is true for the globular cluster system as a whole and for the individual metal-rich and metal-poor cluster systems. The upper limit on rotation is particularly small for the metal-rich globular cluster system, for which (v/σ) proj < 0.34 at the 99% confidence level.
3. This absence of rotation requires either significant angular momentum transport outwards during the formation of NGC 4472 or a much lower initial spin of the halo of NGC 4472 than given by standard tidal torque calculations. The requirement for significant angular momentum transport is particularly strong for the metal-rich population, which is concentrated towards the center of the galaxy and has a high metallicity. These properties point to significant dissipation and collapse during the formation of the metal-rich cluster population, yet it has little or no rotation.
4. The absence of significant rotation in the metal-rich globular cluster population of NGC 4472 strongly distinguishes this metal-rich cluster population from the metal-rich cluster populations found in disk galaxies like the Milky Way. Thus the angular momentum transport required for the metal-rich cluster population in NGC 4472 appears to be associated with the physical differences between elliptical and spiral galaxies. This may be explained if ellipticals form from major mergers, while spirals are those galaxies that have not had major mergers since the formation of their disk.
5. The velocity dispersion profile of the NGC 4472 slowly declines with radius, with a hint that the decline may steepen at large radius. The mass derived from this dispersion profile and the assumption of isotropic orbits is consistent with that derived from X-ray observations of the hot gas. This suggests that neither technique has dramatic systematic problems, and strongly indicates the presence of a dark matter halo around NGC 4472. The larger velocity dispersion of the metal-poor clusters is clearly evident. A F-test indicates that this difference is significant at greater than 99%. This provides independent confirmation of the original identification of metal-rich and metal-poor populations of globular clusters in this galaxy. Fig. 3. -Plots of the rotation and velocity dispersion fields for the globular clusters of NGC 4472. The top panels are for the full data set, the middle panels for the metal-poor (blue) clusters and the bottom panels for the metal-rich (red) clusters. A Gaussian kernel with σ = 100 ′′ was used for the radial smoothing for all of the datasets. The dotted lines show the 1σ uncertainties, as determined from bootstrapping. The curves are highly correlated in the radial direction with the smoothing used. The plots show modest rotation in the full sample and the metal-poor cluster population which is essentially constant with radius. The red sample has essentially zero rotation at small radius and a tentative (1σ) rise to modest rotation at larger radii. The velocity dispersion is signficantly larger than the rotation at all radii. The central solid line is the best fit to the 144 radial velocities discussed in this paper. The dotted lines are the 1σ lower and upper limits determined via bootstrapping. All of these are based on the assumption of isotropic orbits for the globular clusters. The points are masses inferred from ROSAT observations of the hot gas around NGC 4472 (Irwin & Sarazin 1996) . The open squares represent points for which the assumption of hydrostatic equilibrium on which the X-ray masses are based may be uncertain because the X-ray isophotes are irregular at these radii. The overall agreement between the masses inferred from the two techniques is good, suggesting that the assumptions underlying each approach are probably roughly correct. The conclusion that then follows is that NGC 4472 has a substantial dark halo, with a mass-to-light ratio at several tens of kpc that is at least a factor of five greater than in the inner regions of the galaxy. Table 3 : Results from non-linear fits of equation 1 to globular cluster samples taken from Table  1 . The second column gives the mean velocity for each sample. The third column gives the leastsquares fit to the rotation velocity and the fourth column gives the best-fit position angle. The final column gives the 99% upper limit on the rotational velocity.
